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A B STR A CT
Comparative Analyses on Residual Stresses in Target Sub-System Materials
by
A nand V enkatesh
Dr. A jit K. Roy, Exam ination C om m ittee C hair 
A ssociate P rofessor o f M echanical Engineering 
U niversity o f  Nevada, Las Vegas
Recent approaches to residual stress m easurem ents in transm utation target structural 
m aterials using destructive and nondestructive techniques have been investigated in this 
research project. A m ajor em phasis has been placed on the use o f the N eutron D iffraction 
(ND) technique to determ ine the residual stresses in austenitic and m artensitic stainless 
steels subjected to plastic deform ation and w elding operations. The resultant data have 
been com pared to those obtained by other techniques including positron annihilation 
spectroscopy, x-ray diffraction and ring-core m ethods. C old-w orked (CW ), three-point- 
bent (TPB) and w elded specim ens o f sim ilar and dissim ilar m aterials w ere tested. ND 
m easurem ents on C W  specim ens show ed enhanced residual stresses with increased cold 
reduction. The w elded specim ens revealed m axim um  stresses at the fusion line follow ed 
by reduction in stress at locations aw ay from  it. C haracterization o f residual stresses in 
the TPB specim ens show ed com pressive stresses at the convex surface follow ed by 
tensile residual stresses at greater depths. C om parative analyses o f residual stresses by 
different techniques show ed consistent stress patterns. M icrostructural evaluations by 
optical m icroscopy revealed the m etallurgical phases, as expected.
m
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CH A PTER 1 
IN TR O D U CTIO N
The disposal o f radioactive waste from  nuclear pow er plants and the nuclear weapons 
program  is as politically  intense an issue as the plants and nuclear w eapons them selves. A 
geologic repository is required to  keep the nuclear waste aw ay from  people and the 
environm ent fo r atleast 10,000 years. As long as the waste stays in a solid  form  and 
rem ains deep underground, it will not be harm ful since layers o f rock and dirt will shield 
its radiation. Thus, the strategy is to keep the waste as dry as possible for as long as 
possible. To accom plish this goal, the concept o f a geologic repository at Yucca 
M ountain in N evada has been proposed. H ow ever, in view o f the long disposal period 
and the necessity  to accom m odate future radioactive m aterials in the sam e repository, the 
US D epartm ent o f E nergy had been exploring the possibility  o f alternate approaches in 
addition to the direct disposal o f the nuclear waste.
The nuclear w aste destined fo r the proposed repository consists o f spent nuclear fuel 
(SNF) and high-level radioactive waste (HEW ). SN F is the used fuel rem oved from  the 
nuclear reactors at com m ercial pow er plants, research reactors, governm ent facilities, and 
nuclear navy. H EW  refers to the radioactive m aterials associated with w eapons 
production. These w astes will be in a solid  form  such as m etals, ceram ics, and glass with 
small am ounts o f radioactive gases. The transm utation and separation o f m inor 
actinides (M A) and fission products (FP) from  SN F/H LW  are currently being considered
1
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as a new option, to reduce the radioactivity  associated with them . T ransm utation refers to 
transform ation o f spent nuclear fuel, and occurs w hen the nucleus o f an atom  changes 
because o f natural radioactive decay, nuclear fission, nuclear fusion, neutron capture, or 
other related processes. D uring the transm utation process (Figure 1.1), the long-lived M A 
and FP from  SN F can be m inim ized or elim inated. It m ay occur naturally  through 
radioactive decay, or the fission and neutron capture process can be hastened by using 
nuclear reactors or particle accelerators. Thus the benefits o f transm utation are obvious 
when considering the shorter disposal tim es associated with the storage o f SNF.
Pow er reactor
Long-lived
radioactive
w a s t e s
No transm uta tion
G eological d isposal 
(ten s th ou san d s years)
Transmutation
S pa l la t io n  t a r g e t  ;
P ro to n  linac P ro to n
beam
F a s t  n e u t r o n
« " T  S hort- l ived
L on g-l iv ed  nuc le i  F is s io n  nucle i
Reduction of w a ste  inventory  
by transm utation
Radio activity ; -1 /200 T r a n s m u t a t i o n + 
G eo lo g ica l  d i s p o s a l  
( - 5 0 0  y e a r s )
Figure I . I The Concept o f T ransm utation (3)
M olten lead-bism uth-eutectic (LBE) has been proposed to be a spallation target 
producing source neutrons from  the incident proton beam  and sim ultaneously acting as a
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
blanket coolant, thus, rem oving the generated heat. The function o f this system  is to 
provide an external source o f neutrons to the core. The m olten LBE w ill be contained 
in a structural vessel m ade of a suitable m aterial, often referred to as the target structural 
m aterial. D uring neutron generation by using a spallation-neutron-target (SN T) system, 
this structural m aterial m ay undergo plastic or m echanical deform ation due to the impact 
energy generated by  the repeated bom bardm ent o f the high-speed protons onto  the molten 
LBE. This process m ay also enhance the tem perature in and around the target structural 
m aterial, often approaching a tem perature regim e in the vicinity o f 400-600°C.
Fabrication o f the structural container m ay involve norm al m anufacturing processes 
such as cold deform ation, m echanical form ing and w elding o f sim ilar and dissim ilar 
m aterials. Significant residual stresses can thus be developed in this container during the 
m anufacturing processes unless they are relieved by proper therm al treatm ents. Further, 
during the w elding operations involving either sim ilar or d issim ilar m aterials, enough 
residual or internal stresses can be generated due to the rapid rate o f solidification, 
differences in coefficient o f expansion/contraction, and dissim ilar m etallurgical 
m icrostructure developed at the weld, fusion line, heat-affected-zone (H A Z) and the base 
m aterial. C om bination o f residual stresses and elevated operating tem peratures during the 
transm utation process can, thus, significantly influence the perform ance o f the target 
structural m aterial.
Residual stresses can be defined as those stresses that rem ain in a m aterial or body 
after m anufacturing and processing in the absence o f external forces or therm al gradients. 
Residual stresses can be either m acro or m icro stresses and both m ay be present in a 
com ponent at any tim e. As illustrated in Figure 1.2, residual stresses can originate from
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
m isfits betw een different regions. M acro-residual stresses, which are often referred to 
as Type I residual stresses, can vary w ithin the body o f the com ponent over a range much 
larger that the grain size. M icro residual stresses, w hich result from  differences w ithin the 
m icrostructure o f a m aterial, can be classified as Type II or III. T ype II residual stresses 
are m icro-residual stresses that m ay operate at the grain-size level. On the o ther hand. 
Type III are generated at the atom ic level. M icro-residual stresses often result from  the 
presence o f different phases or constituents in a m aterial.
Macrostressas Mcros tresses
Thermal S tretsat
CoW Expansion
Loading Strataaa
Bamdhg Tranatormallon SIraataa
B a
Wak*ng
Intargianutar Stra&aai
Figure 1.2 Illustration o f the different types o f m acro and m icro residual stresses (5)
Residual stresses can be developed during m ost m anufacturing processes involving 
m aterial deform ation, heat treatm ent, m achining or processing operations that can
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transform  the shape or change the properties o f a m aterial. The residual stresses m ay be 
sufficiently  large to cause local yielding and plastic deform ation, both on a m icroscopic 
and m acroscopic level, and can severely affect com ponent perform ance. Both the 
m agnitude and distribution o f the residual stresses can be critical to perform ance and 
should be considered in the design o f a com ponent. In any free standing body, stress 
equilibrium  m ust be m aintained, which m eans that the presence o f a tensile residual stress 
in a com ponent will be balanced by a com pressive stress elsew here in the body. Tensile 
residual stresses in the surface o f a com ponent are generally undesirable since they can 
contribute to, and are often the m ajor cause o f fatigue failure, quench cracking and stress- 
corrosion cracking. On the contrary, com pressive residual stresses in the surface layers 
are usually  beneficial. In general, residual stresses are beneficial when they operate in the 
plane o f the applied load and are opposite in direction.
The U nited  States D epartm ent o f E nergy is seriously in terested in developing 
nondestructive positron annihilation spectroscopy (PAS) as a standardized tool for 
m easuring residual stresses in m aterials subjected to plastic deform ation, co ld  working 
and w elding o f  sim ilar and dissim ilar m etallic m aterials. W hile the PA S technique has 
been utilized for other applications, very little or no data exists as to  the applicability of 
this technique fo r residual or internal stress m easurem ents. Thus, it is a m ajor challenge 
to  the scientific com m unity to apply this technique for such applications. It should suffice 
to  state that, w hile standardizing the PAS technique as an useful tool for stress 
m easurem ents, o ther nondestructive m ethods such as neutron diffraction (ND) and x-ray 
diffraction (X RD ), and destructive ring-core m ethod also need  to be explored in 
characterizing and com paring the resultant PAS data to those m easured by other
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
techniques. In light o f this rationale, this project has been focused on using all four 
techniques to  m easure residual stresses in candidate target structural m aterials o f interest. 
How ever, this thesis is prim arily  focused on the utilization of the ND m ethod for such 
applications. N D  m akes use o f low velocity therm al neutrons that enable the 
determ ination o f atom ic m otion in crystals and liquids. This technique em ploys the 
concept o f B ragg’s law for the estim ation o f the interplanar distance in a crystal which 
aides in the evaluation o f residual stresses in m aterials. D ata generated by  the other three 
techniques have also been included in this thesis for valid com parison o f the m easured 
stresses as a function o f different m etallurgical variables. The m etallographic data using 
optical m icroscopy have also been presented. In essence, an in-depth understanding o f the 
m easured residual stresses in candidate target structural m aterials generated by plastic 
deform ation and w elding has been achieved by analyzing and interpreting the 
experim ental data obtained by both destructive and nondestructive m ethods.
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C H A PTER 2 
M A TERIA LS
2.1 Test M aterial
The m aterials tested in this investigation include austenitic Type 304L stainless steel 
(SS) and m artensitic A lloys EP-823 and HT-9. These m aterials have been w idely used in 
Europe and R ussia as structural container m aterials in the transm utation system s 
prim arily due to their favorable properties such as good corrosion resistance, optim um  
strength and the ease o f m anufacturing.
A ustenitic, or nonm agnetic stainless steels (SS), are categorized as 200 and 300 
series, with 16 to  30 w eight percent (wt% ) chrom ium  (Cr) and 2 to 20 wt%  nickel (Ni) 
for enhanced surface quality, form ability and increased corrosion and w ear resistance, 
and are nonhardenable by heat-treating. A ustenitic steels have also been reported to 
possess h igher oxidation and corrosion resistance in m olten LB E due to  their relatively 
high chrom ium  content. These grades o f steel are very popular due to their excellent 
form ability. All austenitic SS are nonm agnetic in the annealed condition. D epending on 
the chem ical com position, m ainly the Ni content, austenitic SS m ay becom e slightly 
m agnetic when cold-w orked. Ideally, austenitic SS exhibit a single-phase, face-centered 
cubic (fee) structure, which is m aintained over a w ide range o f tem perature. This 
structure results from  a balance o f alloying additions, prim arily nickel, that stabilize the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
austenite phase from  elevated to cryogenic tem peratures. Since these alloys are 
predom inantly single phase, they can be strengthened only by solid solution alloying or 
by work hardening. The austenitic SS have been developed for use in both m ild and 
severe corrosive conditions. They are used at tem peratures that m ay range from  
cryogenic tem peratures, w here they exhibit high toughness, to elevated tem peratures, 
where they exhibit good oxidation resistance. Since the austenitic m aterials are 
nonm agnetic, they are som etim es used in applications where m agnetic m aterials are not 
acceptable. The austenitic class o f SS is generally considered to be w eldable by the 
com m on fusion and resistance techniques.
Type 304 SS is an austenitic alloy possessing a m inim um  of 18% chrom ium  and 8% 
nickel, com bined with a m axim um  carbon content o f 0.08%  carbon. It is an universally 
known corrosion resistant iron-nickel-chrom ium  (Fe-N i-Cr) alloy having optim um  
form ability and w eldability. Type 304L  SS is an extra low-carbon variation o f Type 304 
with a 0.03%  m axim um  carbon content that elim inates carbide precipitation. The 
m etallurgical characteristics o f this alloy is established prim arily by the Ni content (8% 
m inim um ), which also extends resistance to corrosion caused by reducing chem icals. The 
addition o f Ni helps in stabilizing the austentite phases and m akes them  corrosion 
resistant.
M artensitic SS are essentially  alloys o f C r and carbon (C) that possess a m artensitic 
crystal structure in the hardened condition. They possess a body-centered cubic (bcc) or 
body-centered tetragonal (bet) crystal structure (m artensitic) in the hardened condition. 
They are ferrom agnetic and hardenable by heat treatm ents. M artensitic SS are generally 
selected for their relatively high strength, m oderate resistance to corrosion and good
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fatigue properties follow ing suitable heat treatm ent. Their resistance to general corrosion 
is adequate in som e corrosive environm ents, but not as good as o ther stainless steels. The 
C r content o f these m aterials generally ranges from  9 to 18 wt% , and their C content can 
be as high as 1.2 wt% . The C r and C contents are balanced to ensure a m artensitic 
structure after hardening. M olybdenum  (M o) can also be added to  im prove the 
m echanical properties or the corrosion resistance. Ni can be added for the sam e reasons. 
W hen higher C r levels are used to im prove corrosion resistance, the presence o f Ni can 
also help in m aintaining the desired m icrostructure and preventing the form ation o f 
excessive free ferrite. Since the as-hardened m artensitic structure is quite brittle, this 
m aterial is typically  reheated at low tem peratures to stress-relieve the m icrostructure or 
reheated to slightly  higher tem peratures to soften (tem per) the m aterial to interm ediate 
hardness levels.
A lloy EP-823 is a Russian nuclear grade m artensitic iron-nickel-chrom ium - 
m olybdenum  (Fe-N i-C r-M o) stainless steel w ith a high silicon (Si) content (1.0-1.3 wt%). 
It is a leading structural m aterial to contain the m olten LBE nuclear coolant needed for 
fast spectrum  operations o f the ADS system s. This steel retains its high strength at 
tem peratures below  500°C, but a sharp decrease of strength occurs at higher 
tem peratures. H ow ever, when irradiated, this steel still retains high post-irradiation 
ductility at test tem peratures in the range o f 20-700°C.
The m ost significant consequence o f alloy developm ent program s has been the 
application o f A lloy H T-9 to m ost o f the internal com ponents in the U .S experim ental 
liquid m etal-cooled fast breeder reactors (LM FBR). Alloy HT-9 is a Sw edish nuclear- 
grade m artensitic Fe-N i-C r-M o stainless steel. This alloy has been extensively  used in
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LM FB R, and has shown to resist radiation dam age, providing a creep and swelling 
resistance alternative to  austenitic steels. D egradation o f fracture toughness and Charpy 
im pact properties have been observed w ith this alloy, but these properties are sufficient 
enough to  provide the reliable service life. A lloy HT-9 has also been found to have 
better corrosion and sw elling resistance, and can provide better resistance to radiation 
em brittlem ent at 60“C. A lthough these alloys have excellent sw elling resistance to 
doses even up to 200 displacem ents per atom , their creep resistance decreases drastically 
above 550°C. T hey also have low er coefficient o f therm al expansion and higher 
therm al conductivity  than those of austenitic SS. A lloy HT-9 is also an excellent m aterial 
for cladding and duct applications in liquid m etal reactors. The typical physical and 
m echanical properties o f all three test m aterials are given in Table 2.1.
Experim ental heats of all three m aterials w ere m elted by a vacuum -induction-m elting 
practice at the Tim ken R esearch L aboratory (TRL), Canton, Ohio. T hey were 
subsequently forged, and rolled into plate m aterials of desired dim ensions. These 
m aterials w ere then heat treated prior to m achining o f test specim ens. T ype 304L SS 
plates were austenitized at 1010°C for 1 hour follow ed by air cooling, thus producing a 
fully austenitic m icrostructure. A lloys EP-823 and H T-9 were austenitized at a sim ilar 
tem perature follow ed by an oil-quench. The quenched plates were subsequently 
tem pered at 621“C follow ed by air-cooling. This type o f therm al-treatm ent produced 
fully-tem pered m artensitic m icrostructure w ithout any retained austenite. The chem ical 
com positions o f all three m aterials tested in this study are given in Table 2.2
10
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Table 2.1 Physical and Mechanical Properties of the M aterials Tested (16)
Property Type 
304L SS
Alloy
EP-823
Alloy
HT-9
Thermal Conductivity (W/m*K) 16.2
Not
Available 28
Modulus o f  Elasticity, Gpa (10^ psi) 193 207 160
Poisson’s Ratio at Ambient Temperature 0.23 0.29 0.33
Coefficient o f Thermal Expansion °C * 10'* 9.4
Not
Available 12.5
Yield Strength (Ksi) 55 111 118
Table 2.2 Chem ical C om position o f M aterials T ested  (wt %)
Material/ 
Heat No.
Elements (wt %)
C Mn P S Si Cr Ni Mo Cu w A1 Fe
Type 304L  
SS/2155 0.02 1.63 0.003 0.005 0.40 18.20 9j 5 0.03 0.03 - 0.011 Bal
Alloy EP- 
823/2154 0.17 0.54 0.005 0.004 1.11 11.69 0.65 0.73 0.01 0.63 0.023 Bal
Alloy HT- 
9/2239
0.20 0.40 0.011 0.003 0.19 12.50 0.53 0.99 0.01 0.46 0.029 Bal
Bal -  Balance 
2.2. Test Specim ens
Three different types o f test specim ens were fabricated from  the experim ental heats. 
They include cold-w orked, three-point-bent and w elded specim ens. A part o f the heat- 
treated plates was plastically-deform ed by cold-rolling to reduce the plate thickness by
11
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approxim ately 3, 7 and 11 percent, respectively. Som e of the heat-treated rectangular 
beam s were deform ed by three-point bending to produce a gradual residual stress 
gradient along the length. P rio r to  the deform ation, all beam s were electropolished to 
rem ove the surface cold-w orking resulting from  the m achining operation. The center o f 
these beam s was displaced 1.5 inches during the bending process. The outer supports 
were separated by 10 inches. W elded specim ens consisting o f sim ilar (Type 304L SS, 
A lloy EP-823 and A lloy H T -9) and dissim ilar m etals (Alloy EP-823 and Type 304L 
stainless steel) w ere prepared using the gas-tungsten-arc-w elding (G TA W ) m ethod. For 
w elded specim ens consisting o f  austenitic and m artensitic SS on both sides. Type 308L 
SS and Type 2283L SS, respectively  w ere used. For the welded specim en consisting of 
an austenitic and m artensitic SS on each side, IN 82 was used as the filler m aterial. The 
specim en configurations are show n in Figure 2.1.
Three-Point-Bent
Figure 2.1 Test Specim en Configurations
12
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CH A PTER 3
EX PER IM EN TA L TEC H N IQ U ES 
M easurem ent o f residual stresses was perform ed by four different techniques as 
discussed earlier. The techniques utilized include positron annihilation spectroscopy 
(PA S), neutron diffraction (ND), x-ray diffraction (XRD ) and ring-core (RC) method. 
Even though a m ajor em phasis has been placed on the applicability o f the N D  m ethod to 
residual stress m easurem ents, a com parative analysis o f data has been presented in this 
thesis using the o ther three techniques. Further, m etallurgical evaluation o f the test 
specim ens by optical m icroscopy has also been presented. All four residual stress 
m easurem ent techniques are described below.
3.1 Positron A nnihilation Spectroscopy
Positron annihilation spectroscopy (PAS) is a w ell-established nondestructive 
technique to characterize defects in m aterials. The conventional PAS technique uses 
either slow positron beam s or w ide energy spectrum  beam s from  radioactive sources. The 
thickness o f sam ples under investigation is severely lim ited by the range o f the im pinging 
positrons inside the sam ple. The technique used in this investigation em ployed high- 
penetrability y-rays to  extend positron annihilation spectroscopy into thick sam ples for 
m easurem ents o f stress, strain and defects in three different m aterials o f interest. The 
collim ated brem sstrahlung beam  from  a linear accelerator (Linac) was used to generate
13
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positrons inside the test specim en via pair production. This photon beam  has a wide- 
energy spectrum  o f up to 6 M eV . N o photon-induced activation was involved in this 
process. Positrons generated by this technique usually  therm alizes and annihilates with 
one o f the sam ple electrons em itting tw o annihilated photon beam s having 511 keV 
energy, back to  back. These annihilated photons were recorded by a high-energy 
resolution H igh Purity  G erm anium  (HPGe) detector, and the resultant data w ere analyzed 
in term s o f three line-shape param eters expressed as the S, W  and T  param eter o f the 511 
keV  annihilation peak. Residual stresses developed in the test specim ens were
quantitatively analyzed using these three param eters.
No.
O f
Counts
S = As / A,
W =Aw/A,
vacancy. T = W /S
607 509 511 513 515
Figure 3.1 C haracteristics of 511 K eV  y - ra y  E nergy Spectrum
14
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3.2 X -ray D iffraction
The x-ray diffraction (XRD) technique is based on a fact that w hen a m etal is under 
stress (applied or residual), the resultant elastic strains cause the atom ic planes in the 
m etallic crystal structure to change their spacing. The X RD  m ethod is capable of 
m easuring the interatom ic spacings, which are indicative o f the elastic strain in the 
specim en. C hanges in the interatom ic spacing can, therefore, be related  to the elastic 
strain in the m aterial and hence, to the stress. This technique involves repeated
scanning o f the test specim en with an x-ray beam  o f a selected peak as the specim en is
orientated at an increasing angle to  the incident beam. The x-ray beam  is generally
directed onto the sam ple surface at the location o f interest. The diffracted beam  is
detected by  a position sensitive proportional counter. The angular position (20) o f the 
diffracted beam  is used to calculate the distance (d-spacing) betw een parallel planes o f 
atom s using B ragg’s law . A series o f m easurem ents made at different x-ray beam  
approach angles (\j/) were used to fully  characterize the d-spacing. The slope o f the least 
squares fit on a graph o f  the d-spacing versus sin^ \\i was used to calculate the stress.
3.3 R ing-C ore
The ring-core (RC) m ethod is a m echanical/strain  gage technique em ployed to 
determ ine the principal residual stress as a function o f depth in polycrystalline and/or 
am orphous m aterial. This m ethod involves the localized rem oval o f stressed material 
using an increm ental ring-coring (m echanical dissection) device, and m easurem ent o f 
strain relief in the adjacent m aterial. Strain gage rosettes are usually used to m easure 
the relieved strains. The m ethod used in this study consisted o f dissecting the desired 
location by a 0.25-inch diam eter plug containing the strain gages. A total nom inal depth
15
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of 70 X 10 inch w as cut by this plug at increm ents o f 2 x 10 inch. The m easurem ents 
o f relieved strain w ere m ade on the surface of the m aterial rem aining inside the ring. The 
residual stresses existing in the m aterial before ring coring were calculated  from  the 
m easured relieved strains.
3.4 N eutron D iffraction
3.4.1 O perating Principles
The therm al neutrons are the single-m ost powerful probe o f condensed m atter 
system s, capable o f providing inform ation on atom ic structures and m otions of 
im portance in m any scientific and engineering disciplines. These neutrons have 
w avelengths in the range 0.5 - 5 Â , which m atches typical interatom ic separations in 
condensed m atter system s. Thus, these therm al neutrons are able to  probe the atomic 
arrangem ents in these system s. The neutron diffraction m ethod m akes use o f these 
therm al neutrons to investigate num erous m aterials o f interest. The prim ary advantage o f 
neutrons over x-rays is their greater penetrating ability. N eutrons can penetrate 
approxim ately 1000 tim es deeper than x-rays in m ost m aterials. A lso, ND is the only 
absolute m ethod available to m easure sub-surface residual stresses nondestructively. In 
any diffraction technique, it is necessary to  m easure the strains in the com ponent before 
actually com puting the stress value. The physical principles involved in m easuring 
internal strain and stress w ith the N D  technique are sim ilar to those involved in the 
m easurem ent o f strain by the m ore conventional technique o f XRD. L ike other
diffraction techniques, the ND m ethod relies on elastic deform ations w ithin a 
polycrystalline m aterial that cause changes in the spacing o f the lattice planes from  their 
stress free value. M easurem ents by N D  are carried out in m uch the sam e w ay as with
16
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X R D , with a detector m oving around the sam ple, locating the positions o f high intensity 
d iffracted beams. As m entioned earlier, the greatest advantage that neutrons have over x- 
rays is their capabilities to  penetrate into greater depths that m ake them  suitable for 
m easurem ents at near surface depths o f around 0.2 m m  down to bulk  m easurem ents of up 
to 1 cm. W ith high spatial resolution, N D  can provide com plete three-dim ensional strain 
m aps o f engineered com ponents. This is achieved through translational and rotational 
m ovem ents o f the com ponent. The principle o f strain m easurem ent by ND is shown in 
F igure 3.1.
INCIDENT BEAM
INPUT SLIT 3 SCATTERING VECTOR
Y X
GAUGE m U M E
SCATTERED BEAM
OUTPUT SLIT DETECTOR
IMf
TRANSMITTED BEAM
Figure 3.2 A Schem atic Representation o f Strain M easurem ent by ND (24)
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In a typical experim ent using the ND technique, a collim ated neutron beam  is 
diffracted by the polycrystalline sam ple with a take-off angle o f 20. T his beam  then 
passes through a second co llim ator and reaches the detector. The slits o f the two 
collim ators define the ‘gauge’ volum e, the cross section o f which can be as small as 
Im m ^and, in special cases, even smaller.
The in terplanar distance dhki, w here hkl are the M iller indices o f the investigated 
lattice plane, can be evaluated by using B ragg’s law, given by Equation 3.1. The 
interplanar spacings are expanded in a state o f tension.
À =  sin 6 (Equation 3.1)
where, A. = N eutron w avelength
20 = A ngle betw een the incident and the diffracted beam s 
dhki = Interplanar distance in stressed m aterial
The corresponding lattice strain ) is defined as
' h k l
^hkl ^ 0 (Equation 3.2)
where, d^ = hkl-interplanar distance in a stress-free m aterial.
Thus, careful determ inations o f 20 and A, can give direct m easurem ents o f dhki and the 
strain. In a diffraction experim ent, the strain com ponent lies along the b isector o f the 
incident and diffracted beam s. A num ber o f strain com ponents are determ ined by 
orienting the sam ple so that different sam ple directions lie along this bisector.
18
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K now ledge of the interplanar distance do in the stress-free sam ple is necessary in 
order to determ ine the strain at any given point o f a sam ple, as shown in Equation 3.2. 
D eterm ining do with the highest possible accuracy is very im portant because each error in 
do im plies system atic errors in the strain value. A com m only used m ethod consists of 
m easuring the interplanar distance inside a test sam ple that has been therm ally-treated to 
relieve the internal or residual stress. The evaluation o f do is also perform ed by m easuring 
the interplanar distance in a region of the sam ple that is assum ed stress-free, since it is 
considered not to have been affected by the process inducing the residual stress. The 
precise m easurem ents o f  do was done from  the neutron diffraction m easurem ents, which 
was used to calculate the strain and eventually  the stress. Thus there was no m easured 
uncertainity w ith do.
W hen the diffraction data is taken from  m any grains o f random ly oriented 
polycrystals, the strains m easured by the neutrons correspond to m acrostrains, and are 
related to the m acrostresses by the equation o f isotropic elasticity. In an elastically- 
isotropic m odel, the principal stresses Oxx, Oyy, are related to the strains by:
+  )] (Equation 3.3)
^y y  -  +  )] (Equation 3.4)
(E qua«on3 .5 )
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where, E  = Y oung’s m odulus
V = Po isson’s ratio
= Principal strain in the X-di recti on
f  = Principal strain in the Y -direction
= Principal strain in the Z-direction
D ue to the anisotropy o f elastic properties in crystalline m aterials, the values o f E  and v at 
a m icroscopic level depend on the lattice planes (hkl) considered. T hus, the neutron 
elastic constants m ust be known or can be determ ined experim entally.
The error associated w ith the stress m easurem ents is evaluated using the uncertainty 
values in strain (As) obtained during data collection. The uncertainty value in strain is 
correlated to  the respective uncertainty in stress (A a) using the follow ing equation:
(Equation3.6)
where, Ao = U ncertain ty  in Stress Value 
E  = Y oung’s m odulus 
V = P o isson’s ratio
Asrd = U ncertainty in strain m easured in the R olling D irection 
Asnd = U ncertain ty  in strain m easured in the Norm al D irection 
Astd = U ncertain ty  in strain m easured in the Transverse D irection 
ASx = U ncertain ty  in the principal direction, w here x= RD , N D  or TD
20
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3.4.2 Experim ental Facility
A neutron scattering spectrom eter allows m easurem ent o f the intensity o f neutrons 
scattered from  the sam ple as a function o f the change in energy and m om entum  o f the 
neutrons. In general, instrum ents used for elastic scattering m easurem ents to investigate 
the tim e-averaged atom ic structure w ithin a sam ple are called diffractom eters. Those used 
for inelastic scattering m easurem ents to investigate the excitation spectrum  o f the atomic 
structure, are called spectrom eters. ND experim ents were perform ed at the “ Canadian 
Institute for N eutron Scattering (GINS) ” facility  located at the A tom ic E nergy o f Canada 
Lim ited (A EC L). Strain m easurem ents w ere m ade with the L3 strain scanning 
spectrom eter at the Chalk R iver Laboratories, AECL. The m easurem ent device included 
a spectrom eter-detector system . The spectrom eter was provided with neutrons from  a 
reactor core. T he specim ens tested w ere m ounted onto the m easuring device using special 
fixtures. The testing facility  used consisted o f a large capacity x-y table that could handle 
loads o f up to  450 kg  (1,000 lbs.) and provided a large 60 cm x 60 cm  (2 ’ x 2 ’) platform  
for easy m ounting o f  m ultiple sam ples. O ther translation and rotation devices could also 
be easily added to this table. The test sam ple was m oved with com puter-controlled X, Y 
and Z translators to  a precision o f + 0.05 m m  to place the sam pling volum e at the 
required location w ithin the specim en. The neutrons were im pinged on the sam ple and 
were diffracted. The diffracted beam  was then recorded by a detector. The spectrom eter 
was always equipped with a 32-w ire position sensitive detector. This detector can also be 
used as a variable-w idth  single-channel detector. The diffraction data was recorded by the 
detector for a w ide range o f specim en orientations, giving different diffraction angles for 
the various directions. This data was used to arrive at the strain values using general
21
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m athem atical form ulae as discussed earlier. The spectrom eter could also be equipped 
with a stress rig for exam ining specim ens under uniaxial loading for the determ ination of 
diffraction elastic constants both in the Y oung's and P o isson 's  orientations. The 
m axim um  applied load was 45 kN. The equipm ent was accom m odated w ith a large 
variety o f slits and height lim iters for defining the sam pling volum e for residual 
strain/stress m apping experim ents. The L3 strain scanning spectrom eter was also 
equipped w ith a variety of sam ple orientation devices. The experim ental setup is shown 
in Figure 3.2.
F igure 3.3 N D  apparatus: (A) Incident-beam  slit (B) D iffracted-beam  slit 
(C) X, Y and Z T ranslators (D) The Specim en Setup
22
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3.5 H ardness M easurem ent
As indicated earlier, therm al treatm ents w ere perform ed at the TRL. Subsequently 
hardness values o f the test specim ens were m easured to correlate them  to the residual 
stresses estim ated by different techniques. H arder the m aterial, larger the residual stresses 
w hich are induced by plastic deform ation. In view of this stresses, the m aterials were 
therm ally treated  to reduce the extent o f hardness that w ould reduce the residual stresses 
too.
3.6 O ptical M icroscopy
A n im portant aspect o f optical m icroscopy is to characterize the m etallurgical 
m icrostructure resulting from  specific therm al treatm ents im parted to the test m aterials. 
For exam ple, a quenched and tem pered m artensitic SS can develop fine-grained fully- 
tem pered m artensitic m icrostructure. On the o ther hand an austenitic SS can show large- 
grained austenite phase due to  solution annealing. The test specim ens were sectioned and 
m ounted by standard m etallographic techniques, follow ed by polishing and etching to 
reveal the m icrostructures. The polished and etched specim ens w ere rinsed in deionized 
w ater, and dried with acetone and alcohol prior to their evaluation by a Leica optical 
m icroscope.
23
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C H A PTER  4 
RESU LTS
The results of residual stress m easurem ents by neutron diffraction (ND) m ethod are 
presented in this section. W hile the detailed results prim arily utilizing this technique are 
presented in this section, com parative analyses o f these data to those obtained by the 
other three techniques have also been included.
4.1 H ardness Testing
The results o f tensile testing and hardness m easurem ents on all three test m aterials are 
shown in Table 4.1. A n exam ination o f the hardness data reveals that the m artensitic 
stainless steels (SS) attained m uch higher hardness values (Rc) due to the hardening 
treatm ent by quenching only, as expected. These data also reveal that the strength values 
were m uch h igher for the m artensitic A lloys EP-823 and HT-9 com pared to that of the 
austenitic Type 304L SS. As m entioned earlier in this thesis, the m artensitic alloys were 
austenitized and quenched in oil fo llow ed by tem pering. The quenched and tem pered 
alloys produced higher strength and hardness. On the other hand, the austenitic Type 
304L SS show ed a m uch low er hardness value (Rb) due to a solution-annealing 
treatm ent. The enhanced ductility in austenitic Type 304L SS was due to the reduced 
hardness and strength resulting from  this therm al treatm ent.
24
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Table 4.1 Tensile Properties Including Hardness
Material / 
Heat No.
Thermal
Treatment
Yield
Strength
(Ksi)
Ultimate
Tensile
Strength
(Ksi)
% El % RA Hardness
EP-823/2154 Q uenched
and
Tem pered
103.4 124.4 24.9 61 25 (Rc)
H T-9/2155 Q uenched
and
Tem pered
115.7 139.4 21.4 61.4 31 (Rc)
304L SS 
Z2239
Solution
A nnealed
47.6 72.4 66.6 51 64 (Rg)
4.2 N eutron D iffraction M easurem ents
4.2.1 C old-W orked Specim ens
The results o f residual stress m easurem ents by the ND technique on the cold-w orked 
specim ens o f all three alloys are shown in F igures 4.1-4.6. A lloy EP-823 plates were 
cold-reduced in thickness by 7.2 and 11.6% by rolling. Thickness reductions o f 3.2 and 
7.4%  w ere given to A lloy H T-9 while Type 304L SS was subjected to  cold reduction 
(CR) by 6.7 and 11.6%. The experim ental data were generated for three sets o f points 
taken along pre-determ ined locations in the rolling direction on the specim ens. These 
data were then plotted  show ing residual stresses as a function o f depth along the area o f 
the test specim en. An exam ination o f the residual stress profile for A lloy EP-823 with 
7.2%  CR indicates that the tensile residual stresses were generated near the surface 
follow ed by com pressive stresses at a location o f greater depth and tensile stresses again 
at locations w ith m uch higher depths, as shown in Figure 4.1 (a). Points 1, 2 and 3 shown 
in this figure represent the location of m easurem ents as illustrated in Figure 4.1 (b). This
25
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notation has been consistently used in this thesis w herever the stress m easurem ents on a 
CW  specim en are presented due to  the neutron diffraction technique. The tensile and 
com pressive stresses are characterized by positive and negative stresses, respectively. 
M easurem ents perform ed on an A lloy EP-823 specim en with 11.6% CR show ed a 
different trend in the residual stress profile (Figure 4.2).
The variation o f m easured residual stresses in A lloy HT-9 with different degrees o f 
CR (3.2 and 7.4% ) was very sim ilar to  that o f A lloy EP-823, as illustrated in Figures 4.3 
and 4.4. An exam ination o f the stress profiles in the rolling direction for Type 304L SS, 
shown in Figures 4.5 and 4.6, indicates that the residual stresses generated in this alloy 
was predom inantly com pressive, irrespective o f the m easuring depth. It should, however, 
be noted that, while Alloys EP-823 and HT-9 constitute the m artensitic m aterials. Type 
304L SS falls under the category o f austenitic SS. Thus, the residual stress distribution 
patterns m ay be different for each type o f SS.
26
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4.2.2 W elded Specim ens
ND m easurem ents w ere perform ed on w elded specim ens consisting o f sim ilar and 
dissim ilar m aterials to  evaluate the variation o f residual stresses as a function o f distance 
from  the fusion line (FL) o f the weld. The weld configurations used for this evaluation 
included specim ens consisting o f sim ilar (Alloy FIT-9/Alloy H T -9) and dissim ilar (Alloy 
EP-823/Type 304L SS) alloys, w elded together w ith a filler m aterial. The results of 
residual stress m easurem ents on a w elded specim en consisting o f A lloy EP-823 and Type 
304L SS are illustrated  in F igures 4.7 and 4.8. It should be noted that the results 
correspond to  the longitudinal stress m easurem ents.
The analyses o f the m easured residual stresses have been perform ed on one side of 
the welded specim en at a tim e, as shown in these figures. For the A lloy EP-823 side of
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this w elded specim en, the residual stresses near the FL  were predom inantly com pressive 
in nature. On the contrary, the m easured residual stresses on the Type 304L SS side were 
characterized by com bined com pressive and tensile stresses in the vicinity o f the FL. The 
observations m ade from  these analyses m ay be attributed to the different rates of 
solidification/contraction during the welding of tw o dissim ilar m aterials (Alloy EP-823 
and Type 304L SS), w hich are characterized by different chem ical com position, therm al 
treatm ent and the resultant m etallurgical m icrostructures.
The residual stresses m easured on both m aterials at a distance o f 1.0 inch from  the 
FL  show ed som ew hat less com pressive values. The m agnitude o f the m easured residual 
stress on the A lloy EP-823 side at a distance o f 1 inch from  the FL  was quite insignificant 
suggesting very little o r no residual stress in the base m aterial. On the contrary, the 
residual stresses on the T ype 304L SS side at a sim ilar distance from  the FL  were 
relatively h igher indicating the developm ent of tensile residual stresses. As indicated 
earlier in this thesis, the nature o f residual stresses in the vicinity o f the FL o f a welded 
specim en consisting o f tw o dissim ilar alloys such as Type 304L SS and A lloy EP-823 
should be different to different m etallurgical characteristics betw een an austenitic and a 
m artensitic stainless steel. Even though the nature o f stress gradually becam e tensile near 
the fusion line on the 304L  SS side o f this w elded specim en, a valid explanation cannot 
be given as to  h igher tensile stresses away from  the fusion line. In view o f this 
observation further m easurem ents should be perform ed involving a sim ilar type o f 
specim en using the neutron diffraction technique.
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Sim ilar m easurem ents were perform ed by the N D  technique on a w elded specim en 
consisting o f tw o sim ilar m aterials (Alloy H T-9/A lloy HT-9). The resu lts, shown in 
Figure 4.9, indicate that the m easured residual stresses were predom inantly  tensile at a 
location near the FL, but becam e com pressive at locations aw ay from  it. O nce again, 
these data indicate that the extent o f residual stresses becam e reduced at locations away 
from  the w elded region.
100  -  -  —
w -40 --
2 3 4
Depth (mm)
Adjacent to Fusion Line 
12.7 mm from Fusion Line
-6.35 mm from Fusion Line 
25.4 mm from the Fusion Line
Figure 4.9 Residual Stress Profile for H T-9/H T-9 W elded Specim en
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4.2.3 Three-Point-B ent Specim ens
M easurem ents w ere conducted using the N D  technique to evaluate the internal 
tangential stress distribution due to bending o f m etallic plates. Three-Point-B ent (TPB) 
specim ens o f Type 304L SS and A lloy H T-9 were subjected to testing by the ND 
technique. M easurem ents were perform ed at the apex o f the TPB specim en with respect 
to predeterm ined depths along its thickness. The analyses o f results, shown in Figures 
4 .10 and 4.11, indicate that the surface residual stresses (at the apex) were prim arily 
com pressive in both alloys. H ow ever, the residual stresses gradually becam e tensile with 
increasing depths (up to 2 m m ) follow ed by changes to com pressive stresses again at 
greater depths close to the concave surface. In essence, a zig-zag pattern was observed for 
both alloys w ith the TPB specim en.
M easurem ents o f tangential residual stresses were also perform ed by the ND 
technique along the length as a function o f distance from  the apex o f the TPB specim en, 
show ing a sim ilar pattern of residual stress versus depth (Figure 4.12). B ased on the 
plasticity theory, the applied stresses at the convex and concave region o f a TPB 
specim en should be tensile and com pressive, respectively. H ow ever, the residual stresses 
generated at these tw o locations should be ju s t the opposite, producing com pressive and 
tensile residual stresses, respectively. Since the N D  m easurem ents were perform ed at 
different locations through the thickness, the resultant data, as shown in Figures 4.10 and 
4.11, appears reasonable since com pressive and tensile residual stress values were 
observed at the initial and final locations along the specim en thickness. No explanation 
can be provided as to the occurrence o f alternate low er and higher residual stresses as a 
function o f depth. Even though significant efforts were m ade in this investigation to  come
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up with a p lausible explanation for this type o f stress profile, the data  generated by other
investigators (29-32) reveal a sim ilar pattern w ithout giving any basis fo r such zig-zag
stress pattern. Further efforts will be focused to better explain this phenom enon.
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4.3 Com parison o f R esidual Stress M easurem ents by D ifferent Techniques 
4.3.1 ND versus RC  D ata
4.3.1.1 CW  Specim ens
C om parative analyses o f residual stresses m easured by both the ND and RC  m ethods 
on specim ens o f A lloy EP-823, subjected to 11.6% CR, are shown in Figure 4.13. The 
stress profile generated by the N D  technique indicates that the residual stresses were 
com pressive near the surface, and gradually becam e tensile at greater depths. Sim ilarly, 
the results obtained by the RC m ethod show ed gradual transition to tensile stresses with 
increasing depth in A lloy EP-823 with a com parable CR level.
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Figure 4.13 Com parison o f Residual Stresses for A lloy EP-823
4.3.1.2 W elded Specim ens
C om parative analyses o f the residual stress profiles obtained on a w elded specim en 
consisting o f Alloy EP-823 and Type 304L SS are show n in Figures 4.14 and 4.15. The 
residual stress profiles on the A lloy EP-823 side o f this w elded specim en, m easured by 
both N D  and RC techniques, clearly show ed com pressive stresses adjacent to the FL  
(Figure 4.14). A t a location one inch aw ay from  the FL, these stresses becam e relatively 
less com pressive in nature indicating m inim ization or neutralization o f internal/residual 
stress.
On the contrary, N D  m easurem ents perform ed adjacent to the FL  of the Type 304L 
SS side o f this specim en revealed com pressive stresses at the surface and a gradual 
transition to  tensile residual stresses at a greater depth, as show n in Figure 4.15 (a). At 
one inch aw ay from  the FL, the residual stresses w ere predom inantly  tensile in nature.
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The RC technique revealed a different stress versus depth profile for the Type 304L SS 
side, as shown in Figure 4.15 (b). The rationale for the developm ent o f tensile residual 
stresses at a location o f 1 inch from  the FL, as m easured by the ND technique, is 
unknow n. An explanation for such behavior has been provided earlier in this section.
The stress versus depth profiles for a w elded specim en consisting o f A lloy FIT-9 only 
on both sides revealed the presence o f tensile residual stresses adjacent to the FL, as 
m easured by both N D  and RC techniques (Figure 4.16). As expected, the m agnitudes of 
these residual stresses w ere gradually reduced at locations aw ay from  the FL, showing 
relatively com pressive stresses.
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Figure 4.14 C om parison o f Residual Stress Profiles by ND and RC M ethod on Alloy 
E P-823/Type 304 L  SS W elded Specim en (M easured on A lloy EP-823 
Side)
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4.3.2 ND versus PA S D ata
4.3.2.1 W elded Specim ens
C om parisons o f residual stresses in a w elded specim en consisting o f A lloy EP-823 
and Type 304L  SS, determ ined by the ND and PAS technique, are shown in Figures 4.17 
and 4.18. Since the PA S technique, so far, is incapable o f providing quantitative data on 
residual stresses, attem pts have been m ade to com pare the residual stress values 
m easured by  the PAS technique in term s o f a T-param eter. An exam ination o f the stress 
profile on the A lloy EP-823 side o f this w elded specim en by the RC m ethod revealed that 
com pressive residual stresses were generated at the FL  follow ed by less com pressive 
stresses (close to  zero stress) at a distance o f one inch form  the FL.
A low er T-param eter value was observed at the FL  based on the PA S m easurem ent 
indicating high com pressive stresses, which gradually becam e less com pressive away 
from  the FL  indicated by a h igher T -param eter value. An increase in the T -param eter 
value usually  signifies a decrease in residual stresses, approaching alm ost a zero stress. 
This trend is shown in F igures 4.17 (a) and (b). Com parisons o f residual stresses 
m easured by  the ND and the PA S techniques on the Type 304L  SS side o f the w elded 
specim en are shown in Figure 4.18. H ere, the low er value o f the T-param eter m easured 
by the PAS technique indicates the h igher tensile residual stresses adjacent to the fusion 
line, as expected. The nature o f residual stress (tensile versus com pressive) in a welded 
specim en is dependent on the type o f m aterial w elded on both sides. For the T ype 304L 
SS side o f the welded specim en, tensile residual stresses were developed near the FL 
while com pressive stresses w ere generated at the FL  for the A lloy EP-823 side. This
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difference in the nature o f the developed stress is a function of the m etallurgical 
characteristics o f each alloy.
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4.3.3 ND versus X RD  D ata
4.3.3.1 W elded Specim ens
A nalyses o f residual stress data obtained on the EP-823 side o f a w elded specim en 
consisting o f A lloy EP-823 and Type 304L SS by both the ND and XRD m ethods showed 
(Figure 4.19) com pressive stresses in the vicinity o f the FL, as also seen earlier. Sim ilarly, 
the m agnitude o f the residual stress was gradually reduced at a location away from  the 
fusion line, as show n in the sam e figure. This reduction in residual stress can be 
rationalized due to m inim ization o f residual stresses to a zero level at a distance o f one 
inch, which in a real sense represents the base m aterial. N o m easurem ents were possible on 
the Type 304L SS side o f the w elded specim en by XRD due to its relatively coarse-grained 
m icrostructure.
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Figure 4.19 C om parison o f R esidual Stress Profiles by ND and X R D  M ethod on A lloy 
EP-823/Type 304L SS W elded Specim en (M easured on A lloy EP-823 
Side)
42
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4.4 Metallography
Even though this investigation is prim arily focused on the evaluation o f residual 
stresses in austenitic and m artensitic target structural m aterials using destructive and 
nondestructive techniques, it seem s appropriate to characterize the m etallurgical 
m icrostructures, especially for a w elded specim en. In view o f this rationale, m etallographic 
evaluations w ere perform ed on w elded specim ens consisting o f sim ilar and dissim ilar 
m aterials. The optical m icrograph o f A lloy HT-9 is illustrated in Figure 4.20, show ing fine­
grained m artensitic m icrostructure with som e delta-ferrite, that also resem bles the 
m icrostructure o f A lloy EP-823, as shown in Figure 4.21. The optical m icrographs for the 
Type 304L SS side o f the w elded specim en are shown in Figure 4.22. As expected, the 
e tched Type 304L SS show ed equiaxed austenite grains and annealing tw ins. Both Figures 
4.21 and 4.22 show the w eld m etal, fusion line, heat-affected-zone (HAZ) and the base 
m aterial (A lloy EP-823 or Type 304L SS). The presence o f different m etallurgical 
m icrostructures on both sides o f a w elded specim en consisting o f m artensitic A lloy EP-823 
and austenitic Type 304L SS can precisely explain the reason for different type o f residual 
stresses on opposite sides o f this w elded specim en. G enerally speaking, the residual 
stresses adjacent to the FL  on the Type 304L SS side should have been tensile and 
com pressive stresses should have been generated at a sim ilar location on the A lloy EP-823 
side. W hile com pressive residual stresses w ere developed as m easured by the ND 
technique, on the A lloy EP-823 side, the residual stresses at the FL  of Type 304L SS was 
initially  com pressive near the surface and gradually becom ing m ore tensile at greater 
depths, a phenom enon that cannot be explained based on the current understanding.
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iFigure 4.20 M etallurgical M icrostructure o f A lloy HT-9
(a) EP-823 (Base M etal), E tched, lOX (b) EP-823 (Base M etal) and W eld
M etal, E tched, lOX
Figure 4.21 Optical M icrographs fo r A lloy EP-823 W elded Specim en
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(a) 304L  SS (Base M étal), E tched, lOX (b) 304L SS (Base M étal) and W eld
M etal, E tched, lOX
Figure 4.22 Optical M icrographs for T ype 304L SS W elded Specim en
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CH A PTER 5 
D ISC U SSIO N
This research project is focused on using both destructive and nondestructive 
techniques to  m easure residual/internal stresses in candidate target structural m aterials 
that were subjected to cold deform ation, bending and welding operations. The m aterials 
tested include m artensitic A lloys EP-823 and H T-9, and austenitic Type 304L SS. All 
m aterials w ere tested in properly heat-treated conditions. As presented in the previous 
section, a detailed analyses o f residual stress data based on the ND technique have been 
perform ed. In addition, residual stress m easurem ents obtained by other three techniques 
nam ely PA S, RC and X R D  m ethods have also been included for com parison purpose. 
This section presents a fundam ental discussion on the resultant data. For sim plicity, the 
data obtained by each technique will be discussed separately. The results obtained on the 
CW  specim ens indieate that the residual stresses were tensile at a m easurem ent location 
on the surface and show ed a com pressive behavior at a greater depth. The stresses 
however, reverted back to tension at m uch higher depths. This pattern was found to be 
consistent w ith A lloy EP-823 subjected to  7.4%  CR, and HT-9 subjected to 3.2%  CR. On 
the o ther hand, m easurem ents m ade on specim ens o f both alloys subjected to  a higher 
level o f CR show ed a different stress profile.
The residual stresses were predom inantly  com pressive on the austenitic Type 304L 
SS specim ens at all levels o f CR. It is expected that the residual stresses w ould be of
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higher m agnitude at the surface than at a considerable depth. The differences in the 
m agnitude and nature o f residual stresses as a function of CR m ay be attributed to the 
difference in m etallurgical characteristics including the phases, m icrostructure and the 
resultant strength levels. A com parative analyses o f N D  and RC data show ed sim ilar 
stress patterns on the C W  specim ens.
ND m easurem ents on w elded specim ens consisting o f dissim ilar m aterials o f Alloy 
EP-823 and Type 304L SS show ed contrasting residual stress patterns at locations 
adjacent to  the FL. The residual stresses were com pressive in nature on the A lloy EP-823 
side o f the w elded specim en w hereas the stress values show ed gradual increase from 
com pression to tension on the Type 304L SS side. This difference in the nature of the 
stress distribution m ay prim arily  be attributed to the difference in the rates of 
contraction/solidification o f the tw o different alloys form ing the w elded specimen. 
A nother possible explanation for this phenom enon is the difference in m etallurgical 
com position and m icrostructures o f the tw o alloys.
The m easured residual stress values on the A lloy EP-823 side at a distance o f 1 inch 
from  the FL  was quite insignificant indicating very little or no residual stress in the base 
m aterial. A  sim ilar observation has been m ade by other investigators. The RC and
the PAS m easurem ents also show ed a sim ilar pattern. On the o ther hand, the residual 
stresses m easured on the Type 304L  SS side at a sim ilar distance from  the fusion line 
were relatively  h igher indicating the developm ent o f tensile residual stresses. Very little 
or no inform ation currently exists in the open literature as to  the enhanced residual stress 
at a location aw ay from  the FL  fo r an austenitic alloy such as Type 304L SS.
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M easurem ents o f residual stresses in TPB specim ens of Type 304L SS and A lloy HT- 
9 show ed that the residual stresses near the apex were com pressive in nature. The 
residual stresses, how ever, becam e tensile w ith increasing depths and com pressive again 
at still h igher depths. In essence, an alternating com pression-tension pattern was observed 
for both alloys with the TPB specim en. A general conclusion that can be draw n from  this 
investigation is that the residual stresses w ere com pressive at the apex (convex surface) 
follow ed by tensile residual stresses at a greater depth or in the concave region. This 
observation seem s valid  based on the plasticity theory. Based on this theory, the applied 
stresses at the convex and concave region o f a TPB specim en should be tensile and 
com pressive, respectively. H ow ever, the residual stresses generated at these tw o locations 
should be ju s t the opposite, producing com pressive and tensile residual stresses, 
respectively. This nature o f residual stress distribution agrees well with investigations 
m ade by other researchers on a sim ilar type o f specim en.
M etallurgical evaluations perform ed on the m artensitic m aterials by optical 
m icroscopy revealed the presence o f fine-grained m artensitic m icrostructure with some 
delta-ferrite. The distribution o f tem pered streaks o f marten si te was revealed in this 
investigation. M icrostructural analysis on the T ype 304L SS show ed equiaxed austenitic 
grains and annealing tw ins, which is a typical characteristic o f this type o f stainless steel. 
A correlation betw een the resultant m icrostructure and the m easured residual stresses has 
been presented in the results section.
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CHAPTER 6
SUMMARY AND CONCLUSION
Neutron D iffraction (ND) technique was used to  characterize residual stresses in 
target structural m aterials, nam ely m artensitic A lloys EP-823 and HT-9 and austenitic 
Type 304L SS. M easurem ents w ere perform ed on CW , TPB and w elded specim ens o f all 
three alloys. C om parative analyses o f data obtained by  the N D  technique and the other 
m easurem ent m ethods such as PA S, RC and X R D  were also conducted. Further, 
m etallographic evaluation using optical m icroscopy was perform ed to evaluate the 
m etallurgical m icrostructures. The significant conclusions draw n from  this investigation 
are sum m arized below.
•  ND m easurem ents on m artensitic A lloys EP-823 and HT-9, subjected to different 
levels o f CR, revealed tensile residual stresses o f high m agnitude at the surface 
follow ed by com pressive stresses at greater depths. On the contrary, the 
m easurem ents perform ed on austenitic Type 304L SS show ed com pressive 
residual stresses near the surface o f the cold-w orked specim en.
• Residual stress evaluations by the N D  technique on the m artensitic side o f a 
w elded specim en consisting o f d issim ilar m aterials (A lloy EP-823/Type 304L SS) 
show ed com pressive stresses at a location close to the FL. Reduced stresses 
approaching a zero level were observed at locations away from  this region. In 
contrast, the residual stresses m easured on the T ype 304L SS side o f this welded
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specim en show ed gradual transition from  com pression to  tension at the FL 
follow ed by h igher tensile stresses.
•  Stress m easurem ents on a w elded specim en consisting o f A lloy H T-9 on both 
sides o f the w eld  show ed som ew hat tensile residual stresses adjacent to  the FL, as 
m easured by the N D  and the RC  m ethods. Reduces residual stresses were 
observed at locations away from  the FL.
•  M easurem ents on the TPB specim ens o f A lloy HT-9 and T ype 304L SS showed 
com pressive residual stresses at the convex surface, tensile stresses at a greater 
depth fo llow ed by com pressive stresses again at h igher depths close to the 
concave surface. In general, an alternate com pression-tension-com pression stress 
pattern was observed through the thickness o f the TPB specim en, as expected.
•  C om parative analyses o f residual stresses m easured on the 11.6% CR  specim ens 
o f A lloy EP-823 by the ND and RC m ethods show ed sim ilar behavior in that the 
stresses gradually  becam e tensile with depth.
•  C om parison o f residual stresses m easured on the EP-823 side o f a welded 
specim en consisting o f Alloy EP-823 and Type 304L SS by all four techniques 
show ed com pressive residual stresses in the vicinity o f the FL, which alm ost 
becam e reduced to zero stress level aw ay from  this region.
• O ptical m icrographs o f the tested specim ens showed conventional fine-grained 
m artensitic m icrostructures in A lloys EP-823 and HT-9. Equiaxed austenitic 
grains w ere observed in Type 304L  SS. M icrostructures o f a w elded specim en 
consisting o f A lloy EP-823 and Type 304L SS were also evaluated showing 
different regions including the w eld, H A Z and base m aterial on both sides.
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CHAPTER 7
SU G G ESTED  FU TU R E W O R K
The follow ing additional w ork for future evaluations are suggested.
•  D iscrepancy associated with the N D  data on the Type 304L SS side o f the welded 
specim ens needs to be investigated.
•  The role o f Post-W eld-Therm al-Treatm ent (PW TT) on the resultant residual 
stresses in w elded specim ens needs to be explored.
•  The target structural m aterial will be subjected to radiation exposure, thus 
producing enhanced hardening that can induce higher residual stresses. Therefore, 
additional studies are needed to m easure residual stresses in radiation-hardened 
target structural m aterials by an appropriate technique.
•  C haracterization o f im perfections/defects in cold-w orked and w elded specim ens 
by Transm ission Electron M icroscopy (TEM ) needs to be perform ed.
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APPENDIX A
RESID U A L STRESS D ISTR IB U TIO N  IN  FILLER M A TER IA L (IN 82)
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APPENDIX B
D E PTH  V ERSU S STRESS PR O FILE FO R A LLO Y  H T-9 CW  SPE C IM E N  (NO CR)
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APPENDIX C
X RD  M EA SU R EM EN TS ON TPB SPECIM EN  OF A LLO Y  EP-823
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